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BETAGLYCAN AS AN INHIBIN RECEPTOR 
AND USES THEREOF 



BACKGROUND OF THE INVENTION 



This application claims benefit of priority of provisional 
U.S. Serial Number 60/170,971, filed December 15, 1999, now 
abandoned. 

Ee^lexaLEnjidin^X£g£iid 

This invention was produced in part using funds from 

the Federal government under grant no. HD-13527. Accordingly. 

the Federal government has certain rights in this invention. 
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Fj HH r>f th P Invention 

The present invention relates generally to the fields of 
endocrinology, reproductive biology and cell biology, especially in 
regard to hormone/growth factor signaling. More specifically, the 
present invention relates to the identification of an inhibin receptor 
and uses thereof. 



rtp.gr.ri ptio n of thp Related Art 

Inhibins and activins were initially recognized as protein 
hormones of gonadal origin that reciprocally modulate follicle 
stimulating hormone (FSH) production by the anterior pituitary ( 1 ) . 
These proteins are disulfide-linked dimers of related polypeptides. 
Activins consist of two P chains, while inhibins possess a P chain 
linked to a related but divergent a chain (2). Activins are now 
known to exert important endocrine, paracrine and autocrine 
actions in both reproductive and non-reproductive tissues. These 
actions regulate processes including hormone secretion as well as 
cell proliferation and differentiation, both during development and 
in adult animals (1,3). Inhibin generally opposes the actions of 
activin (4) although there are systems where inhibin is unable to 
block activin responses (5,6). 
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Inhibins and activins belong to the transforming growth 
factor-P (TGF-P) superfamily of growth and differentiation faetors 
(7). Like other characterized members of this family, activins have 
been shown to signal throngh two classes of transmembrane 
5 serine/threonine kinase receptors (8). In 1991, the Type II receptor 
for activin, designated ActRII, was cloned and characterized (9). 
ActRII was the first vertebrate receptor serine kinase (RSK) to be 
characterized as well as the first receptor to be described in 
molecular detail for any member of the TGF-P superfamily. Over a 
10 dozen receptor serine kinase family members have now been 
identified including a second Type II activin receptor (ActRIIB) 
(10,11), the Type II TGF-P receptor (12) and Type I receptors for 
both activin (13,14) and TGF-P (15). 

The broad spectrum of critical biological actions of 
,5 inhibin, activin and related factors as well as their connects to 
potential applications for the treatment of reproductive, 
developmental, bone, hepatic, hematopo.etic and central nervous 
system drsorders together form a compelling rationale for the 
exploration of their receptors, signaling mechanisms, and 
20 regulation. Collectively, this work involves the identification of 
multiple novel molecular targets and should therefore prov.de the 
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basis for new therapeutic approaches aimed at treattng endocrine 
disorders and neoplastic diseases. 

Activins (p-P) and inhibins (o-p) are structnrally related 
by virtue of a common 14-kDa P subuni. while the inhibin dimer 
5 also has a dissimilar 18-kDa a subunit. Isoforms of activin and 
inhibin have been iso.ated from follicular fluid. Thfcse include 
activin A (PA-PA), activin B (PB-PB), activin AB (PA-PB), inhibin A («- 
PA), and inhibin B(a-pB). Based on sequence alignment and 
taction, of conserved cysteine residues, these polypeptides are 
,0 thought to be structurally similar to other TGF-P family members for 
which crystal structure information is available (16,17). 

To date, inhibin has been shown to have activity only in 
the context of activin responses where it typically antagonizes the 
activin stgnal (5,18-20) although .here are recent reports in abstract 
15 form of activin-independen. inhibin effects in bone. It has been 
shown that inhibin can compete with activin for binding to its target 
cells and that inhib.n can prevent activin-induced receptor 
heteromerization (5,19). Unlabeled inhibtn directly competes with 
lab eled activin for binding to type 11 activin receptors although its 
20 potency as a displacing agent is appro.tmately ten-fold lower than 
that of unlabeled activin (9,10). 
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The p subunits present in both aetivin and inhibin are 
proposed to mediate binding to type II activin receptors. After 
activin binds ActRII, the activin-ActRII complex subsequently 
promotes the recruitment and phosphorylation of the type I activin 
receptor serine kinase ALK4 (5,8,14). This results in 
phosphorylation of the cognate type I receptor and the activation of 
downstream Smad proteins (21,22). Inhibins also bind to type II 
activin receptors, but the a subunit of the inhibin molecule does no, 
support the recruitment of type I receptors (i.e. ALK4). This 
suggests that inhibins block signaling through direct competition for 
receptor access (5,18,19). thus preventing activin binding to type H 
activin receptors (23). However, inhibins fail to antagonize activin 
in some tissues and cells consistent with the hypothesis that 
addittonal components are required for inhibin action (5,24,25). 

Previous findings indicate that an additional receptor 
component may be requ.red for inh.b.n ,o successfully compete 
with activin for access to the type II act.vin receptor and to thereby 
functionally antagonize activin responses. It is likely that simple, 
orrect competttion for access to the activin type II receptor between 
0 activin and inhibin is no. solely sufficient to e.pla.n the effecrs of 
inh | b ,„ on activin responses. Indeed, the ability of activin to 
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suppress pituitary ACTH secretion is not antagonized even by a large 
mol ar excess of inhibin (6). In addition, in K562 ery.bro.eu.emie 
eells engineered to overexpress AetRII (KAR6 eells), increased ActRII 
expression blocks tbe ability of inhibin to antagonize ac.ivin 
5 signaling even in the presence of a substantia, molar excess of 

i 

inhibin (5). 

In an effort to identify putative inhibin-specific receptor 
eomponenrs, cross-Unking experiments were performed using 
.abe.ed aetivin and inhibin to label both wild type K562 
10 erythro.eukemic cells and KAR6 ee.ls overexpress.ng ActRII. The 
re sults showed that aetivin binds to type I and type II receptors in 
both ce„ lines and that binding of labeled aetivin to the two 
receptors was displaced by an excess of unlabeled activ.n or 
unlabeled tnhibin (5). As expected, the labeled inhibin is capable of 
,5 binding the type .1 receptor but no, the type .receptor in both cel. 
ljn es. .nhibin's binding to the type II receptor can be displaced by 
addition of Cher unlabeled acfvin or inh.bin. Interestingly, a high 
molecular weight protein cross-linked to labe.ed inhrbin was a.so 
evrden, in these experiments that could be competitively displaced 
20 by addition of excess unlabeled inhibin but no. ac.ivin (5). 
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Together, these results suggest that in addition to 
binding to ActRII, inhibin also binds another putative co-receptor of 
higher molecular weight that might serve to stabilize the inhibin- 
ActRII interaction and therefore prevent ActRII from binding activin 
5 and mediating activin responses. The lack of inhibin antagonism of 
activin responses in certain tissues can therefore be explained by 
the absence of this or a similar inhibin binding co-receptor 
component. The presence of a similar high molecular weight 
inhibin-binding component in the ovarian tumor cell line KK-1 has 
10 been subsequently confirmed. High affinity inhibin binding to 
unidentified high molecular weight proteins has also been reported 
(24). 

Betaglycan is the type III TGF-P receptor and was 
originally identified as the largest of three cell surface receptors 
15 shown to bind TGF-P with high affinity (26). The rat betaglycan 
cDNA encodes a protein of 853 amino acids containing a large 
extracellular domain, a single transmembrane domain, and a short 
C-terminal cytoplasmic domain that lacks clearly identifiable 
signaling motifs (27,28). Betaglycan binds all three TGF-P isoforms 
20 with high affinity and is thought to play an accessory role in 
facilitating access of TGF-P to its signaling receptors (22,29). 
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Mature betaglycan is a proteoglycan which contains both 
heparan sulfate and chondroitin sulfate glycosaminoglycan (GAG) 
chains yielding a molecule that migrates between 250 kDa and 350 
kDa on SDS-PAGE gels. The betaglycan core polypeptide without 
attached glycosaminoglycan chains retains TGF- P binding activity 
and migrates as a protein of 100-110 kDa (27,30,31)- Recent work 
has demonstrated the importance of betaglycan in mediating 
physiological responses to TGF-P including its autocrine regulation 
of human breast cancer cell proliferation (32,33) and its ability to 
trigger endocardial cell transformation (34). 

The prior art is deficient in the lack of characterization 
of the protein mediating the interaction of inhibin with the activin 
receptor. The present invention fulfills this longstanding need and 
desire in the art. 



SUMMARY OF THE INVENTION 

In one embodiment of the current invention, a method is 
described whereby activin-induced signaling in an inhibin-sensitive 
cell may be augmented by inhibiting the formation of 
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inhibinZbe.ag.ycan complexes. An antiserum may be directed 
againsi an extracellular epitope of beta gl ycan to prevent the binding 
of inhibin to betag.ycan. Alternatively, the format.on of 
inhibin/betaglycan complexes may be inhibited by reducing the 
5 expression of betaglycan in the cells by either antisense inhibition or 
by mutagenesis of one or both betaglycan alle.es by such' methods as 
homologous recombination. A po.entia. applicatton of this method 
is t0 augment activin signa.ing in pituitary cells. This should result 
,„ an increase in the production of Follicle Stitnu.a.ing Hormone 
,0 (FSH) and thus an enhancement of fertility. The method can a.so 
be applied to the treatment of a number of pathophysiological 
conditions including reproductive, developmental. skin, bone, 
hepatic, hematopo.etic and central nervous system disorders such 

as prostrate cancer. 
15 I„ another embodiment of the instant invention, an 

anttserum directed against the extrace.lu.ar port.on of betaglycan is 
provided. This antiserum inhibits the binding of tnhibtn to 
betaglycan and may be incorporated into a pharmaceutical 
composition. 

20 I„ yet another embodiment of the instant invention, a 

method inhtbtting activin-induced signaling is provided. This is 
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• ,h, formation of inhibin/betaglycan 
accomplished by augmenung the format, 

„f the target cells. One such method 
complexes on the surface of the targe 

pr0 vide extra betag.ycan for the formatton of such complexes. Thts 
5 m ethod can he further enhanced by the adm.n.stratton of additiona, 
inhib ,. Beta,yean expresston can be increased by Meeting the 
targe , ceUs wrth an artificia, construe, expressing betag.ycan e.ther 
constitutive, or by an inducib.e promoter. Thrs method may also 

. • ■* ppIU not normally 

be used ,o introduce inhtbin senstttv.ty to ceUs 

10 res pons,ve to ,nh,bi„. A number of pathophysiological conditions 
,„ cMing repr oduc,We, developmenta,, s.n, bone, hepat.c 

15 regeneration. 

Yet another embodiment of the instant Mention » a 

• a for compound which inhibit the formation of 
method of screening for compoun 

Membranes from ceUs express.ng betag.ycan are incubated in the 
oetag.ycan. An assay such as a compete b,nd,ng assay ,s 
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performed and .he results are compared. A compound which 
inhibits the formation of inhibin/be.ag.ycan complexes will result in 
lower levels of inhibin b.nding. Potential compounds may peptides, 
proteins, or small molecules. Alternatively, the method may be 
applied to screen compounds whtch augment the formation of 
inhibtn/betaglycan complexes and thus inhibit activin s&naling. In 
this case, the compound should increase the binding of inhibin to 



the membranes. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

So that the matter in which the above-recited features, 
advantages and objects of the inventton, as well as others which will 
,5 become clear, are attatned and can be understood in detail, more 
particular descriptions of the invention brieffy summartzed above 
m ay be had by reference to certain embodtmen.s thereof whtch are 
mustrated in the appended drawings. These draw.ngs form a par, 
of the specification. It is to be noted, however, that the appended 
20 drawtngs illustrate preferred embodiments of the tnvention and 
therefore are not to be constdered limiting in their scope. 

I I 



Figures 1A and IB show that betaglycan binds inhibin 
with high affinity and increases inhibin binding to AetRII. 

In Figure 1A, HEK 293 cells were transfected using 
ea.cium phosphate precipitation (35) with ActRII-myc, betaglycan 
5 (BG), or both (ActRII + BO), as indicated. Isolated cell membranes 
W ere incubated with approximately 100 P M [-1,-inhibS, A in the 
presence or absence of vartous concentrates of unlabeled inhib.n 
A competitor. 

Figure IB shows the data of Figure 1A normalized and 
10 presented as % specific binding. Binding data were analyzed using 

the Prism software. 

Figures 2A and 2B illustrate covalent crosslinking of 

inhibin to betaglycan (transfected and endogenous) and prov.de 
evidence for an ActRII-betaglycan complex. 
)5 In Figure 2 A, covalent crosslinking of inhibin A to 

ActRII is increased by betaglycan. Empty vector (pcDNA3), ActRII- 
myc, betaglycan (BG), or both ActRII and betaglycan (BG + ActRII- 
myc) were transfected into HEK 293 cells which were then subjected 
t0 crosslinking with [."I]-i„hlbin A and DSS as previously described 
20 for activm (9). B.ndiug and crossing of ['"IKnhibin A to 
betaglycan expresstng cells was performed in the presence or 
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absence of 25 nM labeled inhibin A, 25 nM unlabe.ed activin A, or 
5 nM unlabel TGF-pi as indicated. Cross.inked complexes isolated 
by inrmunoprecipita.ton using anti-betaglycan antiserum (R&D 
Systems, inc.) or a monoclonal anti-myc antibody (9E10) 
; (Calbiochem, Inc.). The crosslinked proterns were resolved under 
reducing conditions by SDS-PAGE and visualized by autoradiography. 
The positions of ActRII-myc, the betaglycan core polypeptide (Core), 
and betag.ycan containing glycosaminoglycan chains (BG) are 
indicated. Molecular weight markers are represented as Mr * 10;3. 
0 Figure 2B shows covalent crosslinking of inhibin A and 

activin A t0 endogenous betaglycan complexes. Binding and 
crosslinking of f-I]-tnhibin A and (-.,-activin A was performed on 
DM cells expressing endogenous receptors in the presence or 
absence of 25 nM nnlabe.ed inhibin A or 25 nM un,abeled activin A, 
,5 as tndicated. Crosslinked complexes tsolated by 

inrmunoprecipitatton using anti-betaglycan antiserum (R&D 
Systems, Inc.,, anti-Ac.RII antiserum or norma, rabbi, serum were 
resolved under redttctng conditions by SDS-PAGE and visua.ized by 
autoradiography. The posit.ons of Ac** the betag.ycan core 
20 polypeptide (BG Core), betaglycan containing glycosaminoglycan 
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chains (BG) and Alk4 are indicated. Molecular weight markers are 

represented as Mr x 10°. 

Figures 3A-3F show immunocytochemical localization 
of betaglycan in normal adult rat brain, pituitary, ovary, and testis. 
5 High magnification bright-field photomicrographs show ^ betaglycan 
immunostaining in the forebrain (Figure 3A), pituitary (Figures 3B 
and 3C), epididymis (Figure 3D), testis (Figure 3E), and ovary 
(Figure 3F). Typical examples of cells immunopositive for 
betaglycan (brown staining) are indicated by the arrows. Bars 
10 depict 50 urn. Abbreviations include: AL, anterior pituitary lobe: CT, 
connective ttssue: GC, Granulosa cells; fL, intermediate pituitary 
lobe; LC, leydig cells; O, oocyte; PL, posterior pituitary lobe; ST, 
seminiferous tubule; TT, Tenia Tecta; TC, theca cells. 

Figures 4A-4D show that betaglycan can mediate 
,5 functional antagonism of activin signaling in corticotrope, ovarian, 
and erythroleukemic cells. 

In Figure 4A, AtT20 cells were transfected with the 
3TPLux-reporter plasmid (7), CMV-fi-galactosidase ((5-GAL) and 
e.ther empty vector or betaglycan (BG) cDNA using Superfect 
20 Transfection Reagent (Qiagen) under optim.zed conditions. Cells 
were treated with or without 2.5 nM inhibin A (Inh A) and various 
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concentrations of activin A (Act A) for 15 h and the resulting 
luciferase activities were measured. 

In Figure 4B, AtT20 cells were transfected, as outlined 
for Figure 4A, and then treated with or without 1 nM activin A and 
a range of inhibin A concentrations. 

In Figure 4C, KK-1 ovarian tumor cells were transfected 
as described above and treated with or without 0.3 nM activin A and 
a range of inhibin A concentrations. 

In Figure 4D, K562-derived KAR6 cells were transfected 
with betaglycan (BG) or empty vector, treated with IPTG to induce 
activin receptor expression, and treated with 0.3 nM activin A and a 
range of inhibin A concentrations. Luciferase activity is represented 
in arbitrary luciferase units (L.U.) and normalized to (5-GAL activity. 

Figure 5 demonstrates that inhibition of FSH secretion 
from rat anterior pituitary cells by inhibin A is blocked in a dose 
dependent manner in the presence of anti-betaglycan serum. Rat 
anterior pituitary cells were dissociated and plated as described 
(40). Four days after plating, the cells were washed and incubated 
24 hours in 0.2% FBS-bPJ (36). The cells were then washed with 
fresh medium and treated with either normal rabbit serum (NRS) o r 
antiserum from a rabbit injected with GST fusion protein to rat 
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betaglycan residues 154-439 (Ab-BG). After 1 hour, the cells were 
treated with or without 25 pM of inhibin A and incubated 48 hr. 
FSH was measured using a radioimmunoassay kit (National Hormone 
and Pituitary Program of NIADDK). Reported values are represented 
5 as the percent of no inhibin treatment +/- SEM for triplicate wells. 

Figure 6 is a schematic illustrating the proposed model 
in which betaglycan (BG) functions as an inhibin co-receptor. The 
presence of betaglycan or a functionally similar inhibin co-receptor 
ureases inhibin binding to ActRII and may thereby prevent access 
10 of activin to ActRII. In addition to blocking the activin signaling 
pathway, the formation of the inhibin/betaglycan/ActRII complex 
may direct novel downstream signals. 
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DETAILED DESCRIPTION OF THE INVENTION 



In accordance with the present invention there may b e 
employed conventional molecular otology, microbiology, and 
recombinant DNA techniques within the skill of the art. Such 
20 techniques are explained fully in the literature. See, e.g., Maniatis, 
Fritsch & Sambrook, "Molecular Cloning: A Laboratory Manual 
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(mi); "DNA Cloning: A Practical Approach," Volumes I and II (D.N. 
Glover ed. 1985); "Oligonucleotide Synthesis" (M.J. Gait ed. 1984); 
"Nucleic Acid Hybridization" [B.D. Hames & S.J. Higgins eds. 
(1985)]; "Transcription and Translation" [B.D. Hames & S.J. Higgins 
eds. (1984)]; "Animal Cell Culture" [R.I. Freshney, ed. (1986)]; 

"Immobilized Cells And Enzymes" [IRL Press, (1986)]; rf. Perbal, "A 

Practical Guide To Molecular Cloning" (1984). 

Therefore, if appearing herein, the following terms shall 

have the definitions set out below. 

As used herein, the term "cDNA" shall refer to the DNA 

copy of the mRNA transcript of a gene. 

As used herein, the term "derived amino acid sequence" 
shall mean the amino acid sequence determined by reading the 
triplet sequence of nucleotide bases in the cDNA. 

As used herein the term "screening a library" shall refer 
to the process of using a labeled probe to check whether, under the 
appropriate conditions, there is a sequence complementary to the 
probe present in a particular DNA library. In addition, "screening a 
library" could be performed by PCR. 

As used herein, the term "PCR" refers to the polymerase 
chain reaction that is the subject of U.S. Patent Nos. 4,683,195 and 
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4,683,202 to MuUis, as wel. as other improvements now known in 
the art. 

The amino aeids described herein are preferred to be in 
the "L" isomeric form. However, res.dues in the »D» isomeric form 
5 can be substituted for any L-amino acid residue, as .ong as the 
deslre d functional property of immunoglobulin binding'; is retained 
by the po.ypeptide. NH2 refers to the free amino group present at 
the araino terminus of a po.ypeptide. COOH refers to the free 
carboxy group present at the carboxy terminus of a polypeptide. In 
10 keeping with standard polypeptide nomenclature, J Biol. Chen,, 
243:3552-59 (1969), abbreviations for amino acid residues are 

known in the art. 

I, should be noted that all amino-acid residue sequences 

are represented herein by formulae whose left and right orientation 
15 is in the conventional direction ' of am.no-.erminus to carboxy- 
terminus. Furthermore, 1, should be nored .ha. a dash a. .he 
beginning or end of an amino acid residue sequence indicates a 
pept.de bond .o a further sequence of one or more amino-acid 
residues. 
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A "replicon" is any genetic element (e.g., plasmid, 
chromosome, virus) that functions as an autonomous unit of DNA 
retention in vivo; i.e., capab.e of rep.ication under Us own eontro,. 

A "vector" is a replicon, such as plasmid, phage or 
5 cosmid, to whrch another DNA segment may be attached so as to 
bring about the replication of the attached segment. * 

A "DNA molecule" refers to the polymeric form of 
deoxyribonucleotides (adenine, guanine, thymine, or cytosine) in its 
either single slranded form, or a double-stranded helix. Thus term 
10 refers only to the primary and secondary structure of the molecule, 
and does not limit it to any particular tertiary forms. Thus, this 
term inc.udes double-stranded DNA found, in.er alia, in linear DNA 
molecules (e.g., restriction fragments,, viruses, plasmids, and 
chromosomes. In discussing the structure herein according to the 
,5 normal convention of giving only the sequence in the 5' to 3' 
direction along the non.ranscribed strand of DNA (i.e., the strand 
having a sequence homologous to the mRNA). 

An "origin of replication" refers to those DNA sequences 

that participate in DNA synthesis. 
20 A DNA "coding sequence" is a double-stranded DNA 

sequence which is transcribed and translated into a polypeptide in 
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vivo when placed under the control of appropriate regulatory 
sequences. The boundaries of the coding sequence are determined 
by a start codon at the 5' (amino) terminus and a translation stop 
codon at the 3' (carboxyl) terminus. A coding sequence can 
, include, but is not limited to, prokaryotic sequences, cDNA from 
eukaryotic mRNA, genomic DNA sequences from eukafyotic (e.g., 
mammalian) DNA, and even synthetic DNA sequences. A 
pol yadenylation signal and transcription termination sequence will 
usually be located 3' to the coding sequence. 
0 Transcriptional and translation^ control sequences are 

DNA regulatory sequences, such as promoters, enhancers, 
pol yadenyla«ion signals, terminators, and the like, that prov.de for 
the expression of a cod.ng sequence in a host cell. 

A "promoter sequence" is a DNA regulatory region 
,5 capable of binding RNA polymerase in a cell and initiating 
transcriptton of a downstream (3 direction) coding sequence. For 
purposes of defining the present invention, the promoter sequence 
is bounded a. its 3 terminus by the transcription initiation site and 
extends upstream (5' direction) to include the minimum number of 
20 bases or elements necessary to initiate transcription at levels 
detectable above background. Within the promoter sequence .ill 
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be found a transcription initiation site, as well as protein binding 
domains (consensus sequences) responsible for the binding of RNA 
polymerase. Eukaryotic promoters often, but no. always, contain 
"TATA" boxes and "CAT" boxes. Prokaryotic promoters contain 
5 Shine-Dalgarno sequences in addition to the -10 and -35 consensus 

J'- 
I 

sequences. 

An "expression control sequence" is a DNA sequence that 
eontrols and regulates the transcription and translation of another 
DNA sequence. A coding sequence is "under the control" of 
,0 transcriptional and translation^ control sequences in a cell when 
RNA polymerase transcnbes the coding sequence into mRNA, which 
is then translated into the protein encoded by the coding sequence. 

A "signal sequence" can be included near the coding 
sequence. This sequence encodes a signal peptide. N-.ermina. to the 
,5 polypept.de, that commun.ca.es to .he hos, cel. to direc. .he 
polypeptide to the cell surface or secrete .he polypeptide into .he 
m edia, and this signal peptide is clipped off by .he hos. cel. before 
the pro.cn leaves .he cell. Signal sequences can be found 
assoc,a.ed wi.h a varie.y of proteins native to prokaryo.es and 
20 eukaryotes. 
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The term "oligonucleotide", as used herein in referring 
t0 ,„e probe of the present invention, is defined as a molecule 
comprised of two or more ribonucleotides, preferably more than 
three. Its exact size will depend upon many factors which, in turn, 
depend upon the ultimate function and use of the oligonucleotide. 

The term "primer" as used herein refers to an 
oligonucleotide, whether occurring naturally as in a purified 
restriction dtges. or produced synthetically, which is capable of 
acting as a point of initiation of synthesis when placed under 
conditions in which synthesis of a primer extension product, which 
i, complementary to a nucleic acid strand, is induced, i.e., in the 
presence of nucleofides and an inducing agent such as a DNA 
polymerase and at a suitable temperature and pH. The primer may 
be either single-stranded or double-stranded and must be 
sufficiently long to prime the syhrhesis of the desired extension 
product in the presence of the inducing agent. The exact length of 
the primer will depend upon many factors, including temperature, 
source of primer and use the method. For example, for dragnostic 
applications, depending on the complex.ty of the target sequence, 
) the oligonucleotide primer typically contains 15-25 or more 
nucleotides, although it may contain fewer nucleotides. 
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The primers herein are selected to be "substantially" 
complementary to different strands of a part.cu.ar targe. DNA 
sequence. This means that the primers must be sufficiently 
complementary to hybridize with their respecfve strands. 
5 Therefore, the primer sequence need not reflect the exact sequence 
of the template. For example, a non-complementary ' nucleotide 
fragment may be attached to the 5' end of the primer, with the 
remainder of the primer sequence being complementary to the 
strand. Alternatively, non-complementary bases or longer 
,0 sequences can be interspersed into the primer, provided that the 
primer sequence has sufficient complementary with the sequence or 
hybridize therew.th and thereby form the template for the synthesis 

of the extension product. 

As used herein, the terms "restriction endonucleases" 
15 and "restriction enzymes" refer to enzymes, each of which cut 
double-stranded DNA a, or near a specific nucleotide sequence. 

A cell has been "transformed" by exogenous or 
heterologous DNA when such DNA has been introduced ins.de the 
„n. The transforming DNA may or may no. be integrated 
20 (covalently linked) into the genome of the cel.. In prokaryotes, 
yeast, and mammalian cells for example, the transforming DNA may 



be maintained on an episomal element such as a plasmid. With 
respect to eukaryotic cells, a stably transformed cell is one in which 
the transforming DNA has become integrated into a chromosome so 
that it is inherited by daughter cells through chromosome 
replication. This stability is demonstrated by the ability of the 
eukaryotic cell to establish cell lines or clones comprised of a 
population of daughter cells containing the transforming DNA. A 
"clone" is a population of cells derived from a single cell or ancestor 
by mitosis. A "cell line" is a clone of a primary cell that is capable 
3 of stable growth in vitro for many generations. 

Two DNA sequences are "substantially homologous" 
when at least about 75% (preferably at least about 80%, and most 
preferably at least about 90% or 95%) of the nucleotides match over 
the defined length of the DNA sequences. Sequences that are 
5 substantially homologous can be identified by comparing the 
sequences using standard software available in sequence data banks, 
or in a Southern hybridization experiment under, for example, 
stringent conditions as defined for that particular system. Defining 
appropriate hybridization conditions is within the skill of the art. 
20 See, e.g., Maniatis et ai, supra; DNA Cloning, Vols. I & II, supra; 
Nucleic Acid Hybridization, supra. 
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A "heterologous' region of the DNA construct is an 
identifiable segment of DNA within a larger DNA molecule that is not 
found in association with the larger molecule in nature. Thus, when 
the heterologous region encodes a mammalian gene, the gene will 
5 usually be flanked by DNA that does not flank the mammalian 
genomic DNA in the genome of the source organism. 'In another 
example, coding sequence is a construct where the coding sequence 
itself is not found in nature (e.g., a cDNA where the genomic coding 
sequence contains introns, or synthetic sequences having codons 
10 different than the native gene). Allelic variations or naturally 
occurring mutational events do not give rise to a heterologous 
region of DNA as defined herein. 

The labels most commonly employed for these studies 
are radioactive elements, enzymes, chemicals that fluoresce when 
15 exposed to ultraviolet light, and others. A number of fluorescent 
materials are known and can be utilized as labels. These include, 
for example, fluorescein, rhodamine, auramine, Texas Red, AMCA 
blue and Lucifer Yellow. A particular detecting material is anti- 
rabbit antibody prepared in goats and conjugated with fluorescein 
20 through an isothiocyanate. 
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Proteins can also be labeled with a radioactive element 
or with an enzyme. The radioactive label can be detected by any of 
the cnrrently available counting procedures. The preferred isotope 

5 9oy, i 25 I, 131 I, and 186 Re. 

Enzyme .abels are likewise useful, and can be' detected by 
any of the presently utilized co.orimetric, spectrophotometry 
flnorospectrophotometric, amperome.ric or gasometric techniques. 
The enzyme is conjugated to the selected particle by reaction with 
10 brl d gl n g molecules such as carbodiimides, diisocyanares, 
glu ,ara.dehyde and the like. Many such enzymes are known and can 
be utilized. The preferred are peroxidase, ^-glucuronidase, p-D- 
g.ucos.dase, 0-D-galactosiduse, urease, glucose oxidase plus 
peroxidase and alkaline phosphatase. U.S. Patent Nos. 3,654,090, 
15 3,850,752, and 4,016,043 are referred to by way of example for 
their disclosure of alternate labeling material and methods. 

A particular assay system developed and utilized in the 
art is known as a receptor assay, in a receptor assay, the materia, to 
b e assayed is appropriately labeled and then certain cellular test 
20 colonies are tnoculated w„h a quantity of both the label after which 
binding studies are conducted to determine the extent to which the 
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label ed materia, binds to the ce„ receptors. In this way, differences 
in affinity between materials can be ascertained. 

An assay nseful in the ar, is known as a "as/trans" assay. 
Briefly, this assay employs two genetic constructs, one of which is 
5 typ ,cafly a plasm.d that continuafly expresses a particu.ar receptor 
of interest when transacted into an appropriate ce„ Ifne, and the 
second of which is a plasmid that expresses a reporter snch as 
iuciferase, nnder the con.ro. of a receptor/ligand complex. Thns, 
for example, if it is desired to evaluate a compound as a Ugand for a 
10 particular receptor, one of the p.asm.ds would be a construct that 
results in express.on of the receptor in the chosen eel, Hue, whfle 
the second plasmtd would possess a promoter linked to the 
, uc ,fera S e gene in wh.ch the response Cement to the particular 
receptor is inserted. If the compound under test is an agonrst tor 
15 the receptor, the Ugand wiU conrplex with the receptor, and the 

, r TPnp The resulting 

• of the Iuciferase gene. 

transcription ot tne 

cnemfluminescence is then measured photornetricaUy, and dose 
response curves are obtarned and compared to those of known 

No . 4,981,784. 



ta general, expression vec.ors containing promoter 
sequences which fac.ttate the efficient transection of the inserted 
DNA fragment are used tn connection with the host The expressron 
vector typical* contains an origin of replication, promoters), 
5 t erminato r( s>, as we,, as specific genes whrch are capahie of 
providing Phenorypic se.ection in transformed ceHs. The 
lra „sformed hosts can he fermented and cultured according to 
means known in the art to achieve optima, cell grow*. 

Methods well known to .hose skilled in the art can be 
10 „sed to construct expression vectors containing appropriate 
rranscriptiona, and transanal control s.gnals. See for example. 
Ore technics described in Sambrook e, a,, 1989, Molecu.ar 
Conine: A Laboratory Manual (2nd Ed.), Cold Spring Harbor Press, 
N . Y . A gene and its transcription con.ro. sequences are defined as 
15 being "operab.y .inked" if the transcription con.ro. sequences 
effective* con.ro, the .ranscripfiou of the gene. Vec.ors of the 

vectors. 

;c Hirprted to a method of 
The current invention is directed 

20 augment activin-induced signa.rng by inhibiting the formar.on of 
rnhibin/betag.yean comp.exes. An antiserum agarnst an 
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exrraceUular epitope of be t a gl yca„ can be used to inhibit the 
nation of such complexes. Alternatively, the amount of 
betaglycan avai.able for forming the complexes may be .united by 
.educing the express.on of betaglycan in the ceUs. The expression 
5 of betagiycau may be reduced by anti-be.ag.ycan^ antisense 
tr a„scrip,s or by mutagenesis of one or both betag.ycan alle.es in 
.he cells. Homologous recombination is one method which may be 
used to mutate betaglycan. Pitu.tary cells are a potentia. target of 
.his method wherein augmentation of aedvin signahng increases «he 
10 productron of Fo.Ucle Stimulating Hormone (FSH) and enhances 
fertility. Alternatively, the method may be applied to the treatment 
of a number of reproductive, developmental, sxin, bone, hepatic, 
hemopoietic and centra, nervous system disorders such as 
prostrate cancer. 

, 5 The instant invention is also directed to the 

anribetaglycan antiserum which inhibits the bindrng of inhih.n to 
betaglycan. The antiserum may be combined with a 
pbarmaceut.cally acceptab.e carrier to form a pharmaceutical 
composition. 

20 A method of inhibiting activin-induced signaling by 

enhancing the formation of rnh.bin/betnglycan complexes is also 
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provided. The main method of accomplishing this is by increasing 
the expression of betaglycan in said cell. Additional inhibin may 
also be admintstered to promote the formation of the complexes. 
Expression can be enhanced by transfec.ing an artificial cons.rnc, 
5 containing a betag.ycan gene. The be.aglycan gene may be either 
constitutive* expressed or placed under the contro, of an inducible 
promoter. This method may also be used to introduce sensitivity to 
inhibin in cells not normally responsive to inhibtn. The method may 
be used to treat a number of pathophysiology! condition including 
10 reproductive, developmental skin, bone, hepatic, hema.opo.et.c 
and central nervous system d.sorders. Specific examples include the 
creatment of gonadal cancer, adrenal cancer, or liver dysplasra. The 
method can a.so be used to promote the regeneration of damaged 
liver tissue 

15 The instant invention' is also directed to methods 

screening for compounds wh.ch inhibit formation of 
intubtn/betaglycan complexes and thus augment activ.n signaling. 
An assay for inhrbin binding to betaglycan is performed on 
membranes from cells expressing betaglycan. If .he compound 
20 results in a lower .eve, of inhib.n binding in membranes from eel. 
treated with the compound than those from uncreated cells, the 
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compound inhibits .he formation of inhtbin/betaglycan comp.exes 

an0 wi n augment activin signaling. The method may be used to test 

a number of possibie compounds ine.uding pepttdes, proteins, and 

small molecules. Alternatively, the method may be applied to 

5 screen compounds whtch augment .he formation of 
inhib.n/betaglycan comp.exes and thus inhibit activin sfena.tng. In 

this case, the compound should increase the binding of inhibin to 

the membranes. 

The following examples are given for the purpose of 
10 illustrating vartous embodiments of the invention and are no. meant 
to limit the present invention in any fashion. 



EXAMELEJ 

15 



i-'om p'-Ntmn R inrtin" Studies 

Recombinant human activin A and inhibin A were 
generated using a stable activtn-expresstng cel. line provtded by Dr. 
, Mather (Genentech, Inc., and were purtfted by Wolfgang Fischer 
20 (PEL, Sa. k institute,. [-l-Activin A and [-,,-lnhibin A were 
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prepared using the chloramine T method as previously described 
(37). 

For binding studies, cells were transiently transfected 
using DEAE Dextran with 10 ng of ActRII and/or 10 ng of betaglycan 
5 plasmid DNA. The cells were incubated with the DNA for 4 hours, 
shocked with 10% DMSO in Hepes Dissociation Buffer '<HDB), and 
incubated at 37°C and 5% C0 2 for 48 hours in DMEM containing 10% 
fetal calf serum and L-glutamine. Confluent monolayers were 
washed twice with Hepes Dissociation Buffer and resuspended in 
10 binding buffer (Hepes Dissociation Buffer with 0.1% BSA, 5 mM 
MgS0 4 and 1.8 mM CaCl 2 ). Binding was carried out by incubating ~2 
x 10 s cells with 2 x 10 5 cpm ['"I]-inhibin A (approximately 100 pM) 
for 90 min at room temperature in the presence or absence of 
various concentrates of unlabeled inhibin or activin in a final 
15 volume of 0.4 ml binding buffer. Following binding, the cells were 
pelleted by centrifugation and washed twice in binding buffer. 
Bound ['"I]-inhibin A was quantitated using a gamma counter and 
analysis of binding data was carried out using the Prism program. 
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EXAMPLES 



Crosslink' ng Studies 

Cross.ink.ng studies were carried out in eells grown to 

5 -40-60% confluence in 5% CO, in complete DMEM (with 10* bov.ne 
calf serum, penici.Un, streptomycin and L-glu.amine). ' The cells 
we ce grown in 10 cm culture drshes and then rransfected using the 
calcium Phosphate precipitin method using Hepes-buffered 
saline ( P H 7.07). Following transfection, cells were incubated at 5% 
10 CO, for 48 hours. Cel. were harvested by rinsing each plate once 
with Hepes Dissocration Buffer and then incubating each plate in 
Hepes Dissociation Buffer containing 1 mM EDTA for .0 min to 

release the cells. 

Covalenr crosslinking was carried out by incubating -10* 

, 5 cens resuspended in Hepes Dtssoctatton Buffer with -2 t 10' cpm 
l^tivin A in a .oral of 500 pi for . hour at room temperature 
with gentle rocktng. Fo.iowing this incubatton, 1 m. co,d Hepes 

peUeted by centrifuga.ion, resuspended rn 500 pi HDB. brought to 
20 0.5 mM disuccinylsuberate (DSS) and incubated 30 mtn on ice. Each 
reaction was quenched by adding 1 ml TBS to each tube. The cell. 
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were .hen pelleted by centrifugal, aspirated, and peiiets 

EDTA , ,* Triton X-100, inrM AEBSF, ImM EDTA, 10 M /ml 
.eupeptin, ,0 pg,ntl peps.a.in, and 1 pg/m. aprotinin) on ice for 3 0 
5 mi » TX-100-insoluble ma.enai was removed by centrifngation, and 
2 M antr-betagiycan or 2 pg anti-myc antibody was added to eacb 
supernatant. Tubes were incubated for .6 hours a. 4'C, and 
immu „e conrpie.es were precipitated by adding 10 P> of 50* 
pr otein G agarose (PGA) slurry to each tube, incubating an 
10 additiona, 1 hour a, 4X, and peUeting immobilized tmmune 
complexes by conjugation. Each protein G agarose pellet was 

elut ed in 25 Pi SOS sample buffer and resolved via SDS-PAGE. All 
SDS-PAGE was carried out under reducing conditions on 
15 polyacrylamide 3-8 % Tris-Acetate * NuPAGE gels (Novex). Gels were 
dried and bands were detected via autoradiography. 
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The function of betaglycan was evaluated in transient 
5 tra nsfection experiments us.ng a weH-charaererized activtn/TGF-p- 
rcS ponsive luciferase reporter plasnrrd, 3TPLux (14). 'Two nronse 
cell lines were tested; A.T20 eorticotropie cells (grown in DMEM, 
,0* FBS, 2 mM L-glmamine and gen.amycin) and KK-1 ovarian eeUs 
(grown in DMEM:F12 with 10% FBS, L-glu,amine, penicil.in and 
,0 streptonryein). The eeUs were trypsinized and plated at a density of 
,.5.2 x 10 > cells/weH in 6-weU plates 24 hours before transfeetton. 
The eells were transfeered in eontp.ete medium with approxinra.e.y 
, M of 3TPLUX, 0.1-0.2 pg cytomegalovirus ( CMV)-p-galactosrdase 
(P .GAL)and OT-0.3 Pg of etther vector or hetag.ycan plasmid DNA. 
15 Transections were under optimized conditions using the 
commercially available Superfec. Transfeetton Reagent (Qtagen; 
Hi,den, Germany). After an incubation period of 2.5 h. the cells 
were washed with medium contaimng 2% FBS and allowed to recover 
for 5 hour , The cells were treated wt.h tnhtbin A and/or activin A 
20 for ,5 hours and .hen harvested in lysis buffer (1% Triton X-100, 2 5 
mM G.ycylglycine (pH 7.8). .5 mM MgSO, 4 mM EGTA and 1 mM 
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nrtor activity was determined by normalizing to 
D TT). Luciferase reporter activity w d 

relative p-GAL activities. 
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Norm al aduh male and female sprague-dawley ra t s (175- 

i *- „ n Arr standard housing, 
250 g; Harlan Spragne Dawley) were kept under 

cyc ,e with lights on a. 0600 n, —cytochemistry (ICC) was 
camed om as prevl0US ,y described (MacConeU - 1. 1998). 

Bnefly , rats were deeply anestnet.ed - P— 

u a. Tissues (brain, pituitary, testes or 
with 4 % paraformaldehyde. issues t 

, 5 0V arle S , were rented and posted for . -out 

WBt , Brains were referred 10 .0* suerose/0 0 2 « potassium 

, fKPBS) and stored overnight at 4°C. 

phosphate buffered-saline (KPBS) 

nnnl sections were cut on a sliding microtome 
Thirty pm frozen coronal sections 

and soaring secrrons processed for ICC analysis as descr, b ed 
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s,ides (Fisher Scientific), and processed for ICC analysis. All 
procedures involving the nse of animals were performed in 
accordance with federal, state, and local laws and institutional and 
NIH regulations. 

5 To reduce background staining, tissue sections were 

incubated for 20 min in 1% H 2 0 2 and rinsed with KPBS followed by a 
, hour room temperature incubation in KPBS with 0,3% Triton X- 
,00, 10% normal rabbi, serum, and 2% BSA. Sections were 
incubated with betaglycan primary antisera (R&D) at a 
,0 concentration of 25 ug/ml in KPBS plus 0.3% Triton-X, 2% normal 
rabbit serum, and 2% BSA overnight at 4°C (as a control, adjacent 
sectrons were incubated with normal goat IgG or secondary antibody 
alone). Tissue sections were then rinsed in KPBS followed by an 1 
hour incubation with a 1:1,000 dilution of biotinylated rabbit anti- 
15 goat secondary (Vector) at room temperature. KPBS-washed tissue 
was incubated in an avidin-biotin-horseradish peroxidase complex 
(Vector) for 1 hour at room temperature. The perox.dase reaction 
was then visualized as a brown reaction product with a 3-5 min 
incubation in a mixture of 0.03% DAB and 0.015% H 2 0 2 in 0.1M 
20 Tris-HCl, pH 7.4. The free-float.ng brain sections were mounted 



( 

ont „ Superfros./Plus s,ides (Fisher Scientific, and light microscopy 
employed for visualization of immunoreacttvity. 
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Ming to ActRII 

,„ the process of screening for porential inhibin binding 

10 proteins, inhibit, btnding was detected in cells expresstng 
bet ag.ycan. F.gnre 1 shows that tsolared membranes from HEK29 3 
cells transfecred with heraglycan exh.bited speciftc, high affinity 
inhibin binding [Ki=0.6 (0.5-0.9) nM] whereas membranes from 
C e„s transfecred with empty vector had undetectable specific 

15 inhibin binding. 

To further characterize inhibin binding in isolated 

m embranes from cells expressing ActRII or co-expresstng ActRII and 
betaglycan. cDNAs encoding these receptors were iransfec.ed into 
HEK293 cells and competition binding assays were performed. The 

al0 „e [Ki-6.3 nM (2.9-13.4) nM], consistent with prevtous results 
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in-fold when ActRII and 
(9) but increased approximately 30 told 

betaglycan were co-expressed t Ki=0.2 (0.1-0.3) nM, (Figure IB). 
Moreover, co-expression of ActRII and betaglycan increased Che 
number of inhibin bind.ng si.es approximately twelve-fold or six- 
5 f „,d relative to the number of binding sites in ce.ls expressing ActRII 
or betaglycan a,one, respectively Figure 1A). 'Experiments 
performed with betaglycan and ActRIIB had similar resnl.s; however, 
the effects of betaglycan on increasing inhibin affinity and the 
numb er of inhibin binding sites were less dramatic (data not 
10 shown). ACivin binding to betaglycan was nor detected during 
expression in HEK 293 ce.ls. Also, betaglycan did not increase 
bind.ng of activln to AcRII (data not shown), indicating that 
betag.ycan did not increase inhibin binding by means of increasing 
ActRII expression. 
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Cmal£n ^ QM tokia S nf inhihin _ S ^ m i V s^^ni^^ 
f r ,i,nH.. of inh ibin-to-lhr A rtPIT hetag l yan complex 
5 To determine whether inhtbin is capable of binding and 

forming a complex with betaglycan expressed either wilrf or without 
ActRII, both receptors were expressed tn HEK 293 cells. The cells 
were treated with [-I]-tnhibin followed by the covalen, crosslink^ 
reagent disuccnylsuberate (DSS). Crosslinked inhibin-receptor 
10 complexes were then immunoprecpitated with an antibody directed 
against either the ActRII myc epitope of the extracellular domatn of 
betaglycan. The crosslinked, immunoprecipitated complexes were 
resolved by SDS-PAGE and vtsualized by autoradiography. 

Figure 2A shows the results of such a crosslinking 
,5 experiment in which cells were transited with either vector alone 
(lane 1), ActRII alone (lane 2), betaglycan alone (lanes 3-6), or 
betaglycan and Ac.RII together (lanes 7-10). Crosslink^ with f»I]- 
inhibin did not yield any visible complexes on SDS-PAGE analysis in 
cells transfec.ed with empty vector (Figure 2A. lane 1). A covalen, 
20 complex of approximate., 75-85 kDa was detected in cells 
transfected with ActRII alone (Figure 2A, lane 2), a size consistent 
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with previously reported crosslinked complexes of inhibin/activin- 
ActRII (8,9,18,19). Crosslinking of ['"I]-inhibin to cells transfected 
with betaglycan alone yielded a complex at approximately 110 kDa 
and another diffuse band at 175-250 kDa (Figure 2A, lane 3). 
5 Previous experiments with [-I]-TGF-P crosslinked to betaglycan 
have demonstrated complexes with similar mobility (27,28) 
representing the betaglycan core protein (-110 kDa) and betaglycan 
with glycosaminoglycan chains (200-300 kDa). Therefore, the 
bands seen following inhibin labeling contain the predicted forms of 
10 betaglycan. 

Similar high molecular weight inhibin complexes of the 
same size range as those present in cells expressing betaglycan have 
been previously reported (5,24,38). The addition of 25 nM 
unlabeled inhibin or 5 nM unlabeled TGF- P prevented crosslinking of 
15 inhibin to betaglycan (Figure 2A, lanes 4 and 6). By contrast, 25 nM 
unlabeled activin had no effect (Figure 2A, lane 5). These results 
are consistent with activin's lack of affinity for this proteoglycan 
and the possibility that betaglycan binds the a subunit of inhibin. 
The ability of TGF-P to block inhibin crosslinking indicates that the 
20 binding site for inhibin overlaps with at least one of the TGF- P 
binding sites on betaglycan. 
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(38) Th ese complexes can be visuaUzed lowing 
imI »n„oprec ip i.a.ion with either anti-be.aglycan antrserum (lane 2) 
or anu-Ac.RH antiserum (lane4). The formatron of labeied 
comp.exes is blocked by incubating with an excess of unlabeled 
5 .nhibin A (Figure 2B>. Immunoprecipilated eomp.exes include the 
oetaglvean core protein, betaglycan with glycosanrinog.ycan charns, 

complex (Figure 2B). LabeUng of KK-. cells with -I-activin followed 
by crosslink and immunoprecipitation with an.i-betaglycan 
10 antibody demonstrates that endogenous betagiycan does no, form a 

crosslink ceUs are immunoprecprtated with anti-ActRII ant.body, 
ActRII and AIM. but not betagiycan, are visuaUzed (lane 9). 
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Espxessinn^LJreiaglycan-i^^ 

Subsrantia. evidence implicates inhibin as an important 

„„l 1t or of the hypothalamic-piturtary-gonadal 
20 paracrine/autocrine regulator ot rne y V 

ax.s (39). Therefore, immunocy.ochem.stry was emp.oyed to assess 
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whether the tissue-specific distribution of betaglycan protein 
notches that of tissues documented to be tnhibin-responsive. 
Surprisingly, despite the fact that betaglycan has been known as a 
TGF-p receptor for quite some time, the tissue distribution of 
5 betaglycan in vivo remains largely unexplored. The 
immunocytochemical localization of betaglycan in the normal adult 
rat brain, pituitary, ovary, and testis is summarized in Figure 3. 

Perhaps the best known function of inhibin is its 
selective inhibition of anterior pituitary FSH secretion (1,40-42). As 
,0 shown in Figure 3B, consistent with a role of betaglycan in mediating 
the inhibin response, strong betaglycan-ir was observed in a subset 
of cells throughout the antenor lobe of the normal adult male rat 
pituitary gland, exhibiting a predominantly cytoplasmic localization. 
These betaglycan-immunopositive cell types within the anterior 
15 pituitary may represent gonadotropes and lac.otropes as these 
pttuitary cel. types are major inhibin- and TGF-P-.argets, respectively 
(43-45). Interestingly, intense betaglycan-tr was also found in a 
majority of cells within the intermediate lobe of the pituitary (Figure 
3C). While an inhtbin effect on cells within this lobe has not been 
20 documented, TGF-P, has been reported to co-localize with the 
melanotrope. of the intermediate lobe, indicating it may play a role 
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in regulation of this cell type (46). Positive immunostaining for 
betaglyean was no. detected in the posterior lobe of the pituitary 
(Figure 3C). 

Within the testes, moderate betaglyean immunostaining 
5 is observed in the rat Leydig cells with no discernible staining for 
betaglyean within either Sertoli or germ ce»s visible k any stage 
(Figure 3D). In addition, the in.erstitium of the epididymis stained 
positive for betaglyean (Figure 3E). The immunolocaluation of 
be.ag.yean to Leydig cells is consis.en. with .he fac. .ha. inhibin, 
10 sectored by .es.icular Sertoli cells, acts locally to modu.a.e 
s.ero.dogenesis in Leydig ce.ls (47,48) and the fact .hat inhibin- 
specific binding si.es have been localized .0 .his ce.l .ype (49). 
However, the lack of staining on germ cells was somewhat 
unexpected based on reported effects of inh.bin on gametogenesis 
15 (50,51). 

Positive immunostaining for betaglyean in the ovary was 
observed in granulosa, theca., and interstitial cel.s of .he (Figure 
3F). Like the findings in the testis, .his localiza.ion is coincident with 
documented inhibin effects on androgen production by ra, .hecal 
20 cells (47). 
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Within the adul. male rat brain, betaglyean- 
imm unoreactive (ir) fibers were observed in the tenia teeta of .he 
forebrain, (Figure 3 A). Be,a g ,ycan-ir fibers were also detected in 
the septa, hippocampal nucleus of the rat forebrain (data no, 
5 shown). Notably, this centra, localization of beraglycan in the tenia 
t ec.a corresponds with the presence of inhibin/ac.tvin * a- and pA- 
sub „„,t mRNAs in this same region (52). Therefore, i. is possible 

simil ar.y located betaglyean. While the a, P A, and pB subunit 
10 protetns and mRNAs are widely distributed Ibroughou, the 
r0 s,rocauda, extent of the rat bratn (a,be,t a, low ,eve,s), de.ectton 
of betag.ycan.ir fibers was .inrited .0 these two brain regrons and 
perixarya, staining for betaglyean was not observed in any area of 
the ra t brain. 1. is possib.e that expression of beraglycan in other 

k» hdnw the detection level of 
15 brain regions may be below 

imra „nocytochemistry due to low translatton, rapid protetn 
oegradatton, or rapid transport of the protein, tndicating that 
co.chicine treatmen, of rats may be necessary ,o visual cell 
bodies immunoposittve for be.ag,yean. 1. is also possib.e that 
20 re,a,ed inhtbin receptor components distinct from betag.ycan are 
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expressed in these regions performing a function simtlar to that of 
betaglycan to mediate inhibin responses. 
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e oitkn tto pe and nvnriin cell line s 

While many aetivin responses are potently blocked by 
,0 inhtbin, there are aiso cases in which inhibin has no measurable 
effect on the aetivin response (5,6,53,54), I« has been shown in 
K562 erythroleukemic cells overexposing ActRII, for example, that 
activin-mediated induction of the 3TPLux reporter plasmid is 
unaffected by the addition of htgh concentrations of inhibin (5). 
15 The ability of activin A to suppress basa, ACTH secretion in the 
corticotrope ce.l Hue AtT20 has been previous!, described where 
inhi bi„ was sim.larly found to have no effect on the ac.iv.n response 
(6). 

To directly test whether betaglycan can mediate the 
20 ability of tnh.bin to block act.viu s.gnaling, the rat betaglycan cDNA 
aud the 3TPLux reporter plasmid were transfected into AtT20 cells 



t0 determine whether betaglycan can confer inhibin responsiveness 
t0 the se eeU, Following transfection, the resu.ring ability of inhibin 
t „ block activrn induction of luciferase was measured. 

Figure 4A shows that when AtT20 cells are co-.ransfected 
5 with either empty 3TPLux vector or 3TPLux vector expressing the 
betaglycan cDNA, increasing concentrations of activin A* result in a 
dose-dependen. increase in 3TPLux activity. However, when the 
ceUs are additionally treated with 2.5 nM inhibin, the acttvin 
response in betaglycan-rransfected cells is substantially decreased 
,0 while .he activin response in cells transfected with empty vector is 

unaffected by inhibin (Figure 4A). 

To measure the dose-dependency of this betaglycan- 
ra ediated inhibin effect, cells were again transfected with empty 
vector or 3TPLux p.asmid containing betaglycan. The transfected 
15 cells were treated with a range of ' concentrations of inhibtn A 
(figure 4B, in both the presence and absence of 1 nM activin A. As 

of 3TPLux is dose-dependent and requires betaglycan. The effect of 
inhrbin in cells expressing betaglycan was eoneentra.ion-dependent 
20 with an estimated 1C50 of 8-10 pM inhibtn (Figure 4B). 



48 



The effects of betaglycan on the inhibin responsiveness 
of two additional cell lines were also tested. While it was found that 
the ovarian cell line KK-1 is weakly inhibin-responsive (data not 
shown), KK-1 cells transfected with betaglycan cDNA became highly 
sensitive to inhibin. Activin-induced 3TPLux activity was blocked by 
co-treatment with inhibin (Figure 4C). In K562 eryttfroleukemic 
cells overexposing activin receptors (KAR6), activin-mediated 
induction of the 3TPLux reporter plasmid is largely unaffected by the 
addition of high concentrations of inhibin (5). Figure 4D shows that 
KAR6 cells also displayed an inhibin-dependent reduction of activin- 
induced luciferase reporter activity following transfection with 
betaglycan cDNA but not following transfection with empty vector. 

Together with the binding and crosslinking results, these 
results further support a model in which betaglycan acts as an 
inhibin receptor to facilitate inhibin binding to ActRII thereby 
restricting the access of activin to ActRII and antagonizing activin 
signaling. It is noteworthy that although the estimated affinity of 
inhibin for betaglycan/ActRII was -200 P M, the range of IC 50 values 
(5-50 pM) for inhibin responses of the three cell types tested in the 
functional experiments was much lower. In some experiments, 
over-expression of betaglycan variably suppressed activin-induced 



reporter activi.y in the absence of added inhibin, suggesung that 
betaglycan might in.eraet with Ac.RH in .he absence of inhibin .0 
i!U erfere wi.h ac.iv.n signa.ing. I. canno. be ru.ed on. .ha, i. is 
possible .ha. .he inhibin/Ac.RII/betaglycan complex might also 
initiate novel signals .ha. are distinct from .hose induced by ac.ivin 
t0 genera.e inhibin responses .hat are independen. of afcvin or its 
receptor complex. 
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ftnti - h .. v ivran a nli ssrum experiment s 

To study the possible physiologic importance of 
endogenous be.aglycan in medta.ing .nbibin action, antibodies were 
15 raised against a portion of the extracellular doma.n of betaglycan, 
and the effect of these antibodies on the biological response to 
inhibin was examined. An.i-be.aglycan antiserum (Ab-BG) was 
raised in rabbi.s against a sequence pteviously reported to yield 
antibodies capable of blocking be.aglycan-dependen, TGF-p stgnaling 
20 (34). Figure 5 shows .ha. inhibin reduces FSH secre.ion to 
approxrmate.y 30% of .ha. measured for control or norma, rabbi. 
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serum (NRS) treated cells. Addition of Ab-BG reverses this inhibin 
effect in a dose-dependent manner while normal rabbit serum (NRS) 
added at equivalent doses had no effect. These data indicate that 
betaglycan immunoneutralization inhibits the ability of inhibin to 
suppress FSH secretion from primary pituitary cells. This supports 
the hypothesis that betaglycan or an immunologically related 
protein is involved in the action of inhibin on the pituitary. 



1Q EXAMELEJLO 



Several growth factors and cytokines require cell surface 
proteoglycans to gain access to their respective signaling receptors 

15 and to exert biological responses (55). The data presented here are 
consistent with a model (Figure 6) in which the inhibin/betaglycan 
complex competes with activin for access to ActRII. Th 1S may 
therefore prevent the formation of the activin/ActRII complex that 
is required for the subsequent recruitment of ALK4 and the 

20 initiation of the activin signaling cascade. This model is similar in 
mechanism, but not in consequence, to that proposed for TGF-p" 
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signaling in which betaglycan is thought to concentrate TGF-p at the 
cell surface and present it to its cognate type II receptors to enhance 
signaling (56). The role recently proposed for the proteoglycan 
mahogany to facilitate binding of the MSH antagonist, agouti, to the 
MSH receptor (57,58) may be the most analogous to the effects of 

J : 

betaglycan on inhibin action reported here. 
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0 be incorporated by reference. 

One skilled in the art will readily appreciate that the 
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the ends and advantages mentioned, as well as those inherent 
therein. The present examples along with the methods, procedures, 
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